Boron carbide coatings for neutron detection probed by x-rays, ions, and neutrons to determine thin film quality He and the associated tremendous increase of its price, the supply of large neutron detection systems with 3 He becomes unaffordable. Alternative neutron detection concepts, therefore, have been invented based on solid 10 B converters. These concepts require development in thin film deposition technique regarding high adhesion, thickness uniformity and chemical purity of the converter coating on large area substrates. We report on the sputter deposition of highly uniform large-area 10 B 4 C coatings of up to 2 lm thickness with a thickness deviation below 4% using the Helmholtz-Zentrum Geesthacht large area sputtering system. The 10 B 4 C coatings are x-ray amorphous and highly adhesive to the substrate. Material analysis by means of X-ray-Photoelectron Spectroscopy, Secondary-Ion-Mass-Spectrometry, and RutherfordBack-Scattering (RBS) revealed low impurities concentration in the coatings. The isotope composition determined by Secondary-Ion-Mass-Spectrometry, RBS, and inelastic nuclear reaction analysis of the converter coatings evidences almost identical 10 B isotope contents in the sputter target and in the deposited coating. Neutron conversion and detection test measurements with variable irradiation geometry of the converter coating demonstrate an average relative quantum efficiency ranging from 65% to 90% for cold neutrons as compared to a black 3 He-monitor. Thus, these converter coatings contribute to the development of 3 He-free prototype detectors based on neutron grazing incidence. Transferring the developed coating process to an industrial scale sputtering system can make alternative 3 He-free converter elements available for large area neutron detection systems. 
(Received 25 July 2014; accepted 17 December 2014; published online 16 January 2015) Due to the present shortage of 3 He and the associated tremendous increase of its price, the supply of large neutron detection systems with 3 He becomes unaffordable. Alternative neutron detection concepts, therefore, have been invented based on solid 10 B converters. These concepts require development in thin film deposition technique regarding high adhesion, thickness uniformity and chemical purity of the converter coating on large area substrates. We report on the sputter deposition of highly uniform large-area 10 B 4 C coatings of up to 2 lm thickness with a thickness deviation below 4% using the Helmholtz-Zentrum Geesthacht large area sputtering system. The 10 B 4 C coatings are x-ray amorphous and highly adhesive to the substrate. Material analysis by means of X-ray-Photoelectron Spectroscopy, Secondary-Ion-Mass-Spectrometry, and RutherfordBack-Scattering (RBS) revealed low impurities concentration in the coatings. The isotope composition determined by Secondary-Ion-Mass-Spectrometry, RBS, and inelastic nuclear reaction analysis of the converter coatings evidences almost identical 10 B isotope contents in the sputter target and in the deposited coating. Neutron conversion and detection test measurements with variable irradiation geometry of the converter coating demonstrate an average relative quantum efficiency ranging from 65% to 90% for cold neutrons as compared to a black 3 He-monitor. Thus, these converter coatings contribute to the development of 3 He-free prototype detectors based on neutron grazing incidence. Transferring the developed coating process to an industrial scale sputtering system can make alternative 3 He-free converter elements available for large area neutron detection systems. The detection of a neutron radiation field has a broad spectrum of applications from life sciences, 1 material investigation, and engineering 2 to neutron monitoring in nuclear power plants and nuclear material survey as, for example, in the U.S. homeland security program. 3 In large-scale neutron research facilities, neutron scattering is used to decipher inter-atomic and inter-molecular structure in the range of spatial distances from sub Å to hundreds of nanometers under externally given conditions. 4 For this purpose, neutron scattering experiments 5, 6 are performed with so-called thermal and cold neutrons of wavelengths of the order of the typical inter-atomic ($1 Å ) and inter-molecular (<10 Å ) distances. Successful planning and long-term operation of a large-scale neutron scattering facility requires a robust detection concept with high neutron efficiency for thermal and cold neutrons. Since the price of detector scales with its size, cost-saving solutions are desired to replace 3 He-based detectors as they are used until today.
Neutrons, as particles without net electric charge, can only be detected via nuclear conversion reactions: these reactions generate charged particles, which can be detected by subsequent interaction processes like ionization of gas due to their charge. The conversion rate of neutrons and nuclei in a nuclear reaction into reaction products depends strongly on the nuclear-related neutron capture cross-section and the neutron energy. Given a particular energy range of neutrons, the choice of the converter material and the converter geometry is essential for a high conversion rate: It strongly determines the quantum efficiency of a neutron detector. The converter material is chosen so as to find a compromise between conversion efficiency, affordability, and workability.
The most common isotopes used for neutron detection are 3 He, 6 Li, 10 B, 155 Gd, and 157 Gd. Unfortunately, the isotopes 155 Gd and since the generation of 3 He as a byproduct of nuclear weapons storage is ceasing, its availability is nowadays very limited and consequently 3 He is becoming increasingly expensive; 9, 10 the price raises continuously (nowadays: >2500 $/(bar liter)). Furthermore, research activities in other fields like on fusion reactors for energy generation by aneutronic nuclear fusion will need in the near future substantial amount of 3 He for the D þ 3 He ! pð14:7 MeVÞ þ að3:6 MeVÞÀ reaction. 11,12 6 Li as a converter material demands a chemical protective coating because of its chemical reactivity with water vapor when handled at ambient conditions or a detector assembly unit filled with inert gas. 6 LiF as a converter coating is itself stable at ambient conditions but as a salt it is electrically an insulator. Therefore, 6 LiF converter coatings in neutron detectors need an additional conductive coating for draining the charges produced by nuclear conversion reaction in detection applications. The natural abundance of 10 B is about 6 Â 10 8 times higher than that of 3 He, 9, [13] [14] [15] and the isotope is readily obtained by centrifugation. However, the gaseous compound 10 BF 3 is to be avoided due to its toxicity.
In this situation, alternative materials for neutron detection are highly welcomed since the quantitative need for neutron converters increases as new large-scale neutron research facilities are planned. 3, 4 A promising candidate material is the solid compound 
10
B 4 C solid state neutron converter detectors are highly interesting for large area neutron detection and for replacing gas detectors using expensive 3 He or toxic BF 3 . However, the alternative and safe 10 B solid state neutron converter detector technology is still in the early stages of development. [15] [16] [17] [18] A. Neutron detection by 10 
B
The neutron capture nuclear reaction for 10 B has two branches 10 For thermal and cold neutrons, the neutron capture cross section as a function of the kinetic neutron energy E goes with $ͱE. 19, 20 The probability for neutron capture is directly connected to the neutron speed, i.e., to the period of time in which the neutron is close enough to a nucleus to be captured. 10 B has a capture cross section of about of 3800 barn for thermal neutrons, which corresponds to 72% of the thermal neutron capture cross section of 3 He. Taking into account the number density of 10 B atoms in solid state, the resulting mean free path for thermal neutrons in 10 B is about 20 lm. 21 Proportional gas detectors and 10 B 4 C solid state converter detectors have a very similar detection concept, 15 so that the gas detector technology could largely be transferred to the boron detector. A solid state neutron detector is a proportional detector containing a solid state 10 B-rich neutron converter layer in direct contact to the detection gas (Ar(80%)/CO 2 (20%)). The converter is required because neutrons do not ionize the detection gas directly. Neutron capture by 10 B atoms in the converter layer produces 7 Li and He ions with high kinetic energy. The ion range of these 7 Li and a in the converter material is determined by the kinetic energy resulting from the nuclear reaction and by the stopping power inside the converter layer. 22, 23 For a successful detection process, one of these ions is required to escape out of the converter layer and ionize the detection gas in the proximity of the converter, producing there free electrons which become accelerated towards the anode wire which is at high voltage. These accelerated electrons collide with gas molecules and ionize them and produce in this way charge avalanches. The latter generates pulses on the anodes and cathodes of the detector, which are amplified, discriminated, and then interpreted as neutron events by the read-out and data acquisition system.
In this report, the relative quantum efficiency is chosen as the figure of merit of the converter coatings, and is defined as the ratio of neutrons detected by the solid state converter (in a certain energy band) and by a conventional 3 He monitor (with a diameter of 1 in. filled with 10 bars) under identical conditions.
Two intrinsic properties of the converter material-the absorption for neutrons and the stopping power for the conversion reaction products-define the optimum converter medium thickness d B4Copt and the optimum incident angle H in for the best figure of merit of the converter coating. After the conversion reaction, the products, 7 Li and a, leave the point of conversion in isotropic trajectories, but in opposite directions for thermal neutron interactions. The kinetic energies of the escaping ions are determined by the conservation of momentum and energy during the nuclear reaction 24, 25 and the stopping power of these ions in solid 10 B. For the conversion reactions (A) and (B), the maximum ranges d max range of a and 7 Li ions in 10 B are 15, 24, 25 (A) : Ion range for a-particle: 3.2 lm and for 7 Li ion: 1.5 lm (94%). (B) : Ion range for a-particle: 3.9 lm and for 7 Li ion: 1.7 lm (6%).
Thin neutron absorber layers are required in order to obtain high reaction product escape probability and, consequently, high neutron efficiency. Simultaneously, a sufficiently large absorption length in the converter medium needs to be provided for the incident neutrons to ensure an effective absorption process. Both requirements are met for shallow incidence angles of the neutron beam on the thin converter layer. In this particular geometry, in which the converter surface is inclined with respect to the incident beam, the path for absorption is prolonged for a thin converter film, while the length of the escape path in direction perpendicular to the convert surface remains short.
The detection concepts based on thin film converters require a uniform coating of the converter material over a large area. In this paper, we present a suitable coating process for producing highly adhesive, uniform, and chemical pure 10 B layers. The quality of these coatings is evaluated in terms of the performance and neutron detection efficiency. For example, a long term adhesion stability of the coatings on the substrate is absolutely obligatory. A uniform signal response over the entire active area is fundamental to a functional 2D detector, thus a uniformity of the coating thickness within a range of few percent is required. Moreover, the intrinsic thermal neutron detection efficiency must be comparable to that of a 3 He detector, if the solid state neutron conversion detector is to be an alternative worth considering. Furthermore, the content of impurities such as hydrogen in the converter coatings and substrates should be as low as possible to avoid diffuse scattering of neutrons. Finally, the fabrication costs for the B 4 C converter coatings have to be competitive, and the implementation of these 10 B 4 C converter coatings in detector technology should result in no financial disadvantage, or even a benefit, as compared to the costs of a 3 He based detector. Motivated by these considerations outlined above, the Helmholtz-Zentrum Geesthacht (HZG) developed 10 B 4 Cconversion layer neutron detectors in inclined geometry in cooperation with the industrial partner DENEX GmbH (L€ uneburg, Germany) as an in-kind contribution to the development of components for the European Spallation Source (ESS). The converter coatings discussed here can be implemented in a number of conceptually different detector designs. [26] [27] [28] [29] B. General properties and application of boron carbide While being a well-suited material for neutron detection via conversion reactions, B 4 C is mainly known for its broad spectrum for technical applications as a hard material. B 4 C possesses an outstanding hardness (25-30 GPa) at a low density (2.52 g/cm 3 ) combined with a high thermal stability (melting point: 2760 C). 30, 31 A comprehensive review concerning the wide homogeneity range (8.8-20 at. % carbon) in the compound of boron carbide and its comprehensive phase diagram are presented in Ref. 32 . A large variety of preparation methods for boron carbide powder and bulk samples yield a wide range of variation of mechanical properties such as hardness or density. 32 B 4 C coatings in the homogeneity range mentioned above solidify in a rhombohedral structure at short range for substrate temperatures below 900 C during deposition. For substrate temperature above 950 C, a variety of crystalline phases occur. 33, 34 X-Ray Diffraction (XRD)-studies on crystalline B 4 C show the unit cell consisting of a rhombohedron with B 12 icosahedra at each corner. 32, 35 The space group of B 4 C is R 3m(166). 32, 35 There are two types of spatial arrangements of the B 12 icosahedral clusters called a-and b-type structure. 36 B 4 C possesses electronic properties of a semiconductor. 32 In a first attempt, RF-sputtering modes were used to fabricate B 4 C coatings for optical applications. 33, 37, 38 DC-sputtering modes were also investigated for coatings of cutting tools 39 as well as for 10 B 4 C coatings on large areas. 18 The reported B 4 C layer thicknesses range from several nm up to several lm. Typically, sputtered boron carbide films with thicknesses above a few hundred nm tend to delaminate from the substrate because of compressive stress induces by the sputtering process. 39, 40 Fabrication of boron carbide coatings by evaporation methods was demonstrated and film thicknesses up to 20 lm were reported, but the deposited areas were of comparatively small size (several cm 2 ). [41] [42] [43] [44] The present report describes the preparation of B 4 C coatings by DC magnetron sputtering on Si and Al substrates. Further, it discusses the results of thorough structural characterization (by spectral reflectance and profilometry, XRD, Scanning Electron Microscopy (SEM), and X-Ray Reflectometry (XRR)) as well as chemical and isotopic analysis (by X-ray-Photoelectron Spectroscopy (XPS), Secondary-Ion-Mass-Spectrometry (SIMS), and nuclear reaction analysis (NRA)). Neutron quantum efficiency of 10 B 4 C coatings was measured at the TOF reflectometer beam line REFSANS at MLZ. The perspective of this discussion is focused on the performance of the B 4 C coatings for 2-D neutron detection applications. The magnetron sputtered boron carbide coatings exhibit outstanding structural and compositional quality and show high potential in application as neutron converter for the detection of cold and thermal neutrons.
II. EXPERIMENTAL: SAMPLE PREPARATION AND CHARACTERIZATION
The nat. B 4 C and 10 B 4 C coatings are produced in the HZG-sputtering facility. The sputtering system has a base pressure in the range of 10 À8 mbar and is designed for highprecision depositions of single layers and multilayers X-ray mirrors. 45, 46 The sputtering facility is equipped with a sample holder of 1500 mm length. During deposition, this sample holder is translated in front of the sputter targets at a velocity v sputter , which determines the deposition rate and therefore the thickness. A programmed sequence of velocities results in a thickness profile on the substrate. For deposition of the nat. B 4 C and 10 B 4 C coatings, two planar targets of 300 mm Â 90 mm in size were fixed on a water-cooled copper backing plate. Using two sputtering sources doubles the sputter yield and therefore increases the throughput of coatings. The targets were purchased from RHP Technology. The enrichment of the primary 10 B 4 C powder on 10 B for the sintering process of 10 B 4 C targets is about 95% as reported by the supplier RHP technology. For the sputtering process, Ar with a purity of 99.99999% (Argon 7.0) was used as working gas for the sputtering process. The Si substrates (20 mm Â 60 mm) were cleaned with acetone and wiped dry by lint-free tissue and finally blown by dust-free, compressed air. The rolled Al plates (100 mm Â 100 mm Â 0.5 mm, 99.5% Al) were mechanically treated 47 and chemically cleaned with ordinary liquid hand washing tenside and water to remove grease and oils from the rolling process. Finally, the Al plates were blown dry by dust-free compressed air. The long edge of the Si substrates can be mounted either parallel or perpendicular to the direction of motion of the sample holder during the deposition. Up to 13 Al plates can be mounted in one row on the sample holder. Every Al plate is fixed by two holders (width 10 mm on opposite sides of the Al plate (see Fig. 1 ). An additional Si substrate coated with Ti prior to B 4 C deposition is mounted at the end of the Al plate row and partially covered with a mask, to produce a coating step during the deposition. The coating step height is used to check the boron carbide coating thickness for the current deposition run by profilometry measurements.
The thickness determination of the boron carbide coatings is performed by two methods, depending on the coating thickness.
For coatings of less than 100 nm thickness, XRR is employed using the Bruker D8 system in Bragg-Brentano geometry with Mo-K a radiation. The measured reflectivity curves were simulated with the commercial program Bruker/ REFSIM. 48 For coatings thicker than 100 nm (i.e., beyond the resolution limit and penetration depth of the XRR setup), the film thickness and thickness uniformity were measured with a Dektak M6 stylus profilometer on the coating edge on the control sample (Si/Ti substrate). The step height difference from the substrate level to the surface of the B 4 C coating corresponds to the B 4 C layer thickness. The characterization of the coating thickness uniformity was performed by a series of film step height measurements for test samples.
Thickness uniformity of the entire 100 mm Â 100 mm Al converter plates was verified by spectral reflectance, based on the interference and reflection of a broad light spectrum at a thin, optically transparent layer. The Fast Fourier Transformation of the interference pattern of the reflected light spectra allows tracing back the reflecting layer thickness if the optical density of the layer is known. This nondestructive method is well-suited for thickness monitoring especially on large areas. 49 An equidistant grid of 81 points was used here to scan the 100 mm Â 100 mm sample area. The F20-EXR/NIR optical system was provided by the Filmetrics GmbH, Germany.
The presence of crystallinity in the coatings was investigated by XRD and cross checked by means of SEM.
The chemical composition throughout the depth of the coating was profiled by XPS and by SIMS. Alternating local etching with XPS and SIMS allows extending these intrinsically surface limited methods into the sample depth. As SIMS is sensitive to the ion mass, also depth resolution of the ratio of 11 B to 10 B isotopes in the coating is achieved. Etching was performed using a Mini Beam sputter gun operating at 4 kV using Ar process gas. The XPS setup (Kratos Axis Ultra DLD) is equipped with a 15 kV X-ray gun, which emits monochromatic Al-K a -radiation and the Bremsstrahlung continuum. The chemical composition analysis of films manufactured by the sputter deposition process is motivated by the element specific sputter yield. In case of targets consisting of two or more elements, the stoichiometry of the deposited film can differ from that of the target in the steady state of material erosion. 50 Therefore, films resulting from relatively long lasting sputter deposition processes need to be checked for their chemical composition. The analysed area size for XPS was 700 Â 300 lm 2 and the pass energy was set to 20 eV during region scans (energy resolution of 0.1 eV).
The SIMS setup consists of a Hiden analytical system with a MAXIM Quadrupole mass spectrometer with a mass resolution of Dm < 0.1 a.u. The relative heights of SIMS signals for the isotopes of one element are proportional to their relative amounts. For analysis, the signal was taken out of an inner gate of about 150 lm Â 100 lm from the rastered and etched area of 650 Â 450 lm 2 . A focused ion beam with a diameter of 100 lm was provided to the SIMS set-up by an IG20 ion gun operating at 5 kV and a beam current of about 500 nA.
These locally destructive methods were complemented by the non-destructive ion beam analysis method of Rutherford-Back-Scattering (RBS), and NRA of the 10 B(a,p) 13 C reaction, which is only sensitive to 10 B. In these methods, any parasitical chemical contaminations of the investigated film are excluded since no etching procedure is required. The resonant nuclear reaction H( 15 N,ac) 12 C was employed to determine the level of hydrogen impurity in the converter coating. Hydrogen as a dissociation product of water is a frequent gas component in vacuum systems and can be incorporated into the film during deposition. For both RBS and the 10 B(a,p) 13 C nuclear reaction analysis, an accelerated beam of a particles (2 MeV) hits the converter film. An a-particle-sensitive silicon detector was positioned at an angle of 160 with respect to the incident ion beam. The RBS spectra were analysed by RBX computer code. 51 For the analysis, a stratified mass model for the sample is assumed. The distribution of masses in the layer depth and the thicknesses of these layers are free parameters for the fitting routine. The resulting layer model can be interpreted as an isotopic and chemical depth profile of the sample.
For the nuclear reaction analysis of the 10 B isotope content in the boron carbide coatings, the protons become detected resulting from the reaction 10 B(a,p) 13 C on the 10 B-isotope induced by the a-particles. The integral intensity of the proton peaks can be directly converted into a 10 B concentration by comarison of proton intensity from a natural boron sample with a known composition. This method allows the determination of the relative frequentness of the 10 B isotope in an ensemble of boron atoms with the accuracy of typically less than 1 at. %. 52 The error depends also of cause on the precision of knowledge about the concentration in the sample for comparison. For the depth profiling of the H-distribution in the coatings, the resonant nuclear reaction H( 15 N,ac) 12 C was employed using the narrow resonance at the 15 N energy of 6.4 MeV. 53 The kinetic energy of the perpendicular incident 15 N beam on the sample was successively increased. By increasing the energy of the 15 N ions, the reaction occurs in larger depth of the sample. The number of c-quants from the reaction is recorded in a 4p NaI-detector. This intensity in dependence of the beam energy can be converted to a hydrogen concentration in dependence of depth. The nuclear analysis measurements were carried out at Zentrale Einrichtung f€ ur Ionenstrahlen und Radionuklide (RUBION), RuhrUniversit€ at Bochum, Germany.
The relative quantum efficiency of the converter coatings was characterized at the REFSANS ToF-beam line (Meier-Leibniz Zentrum, Garching), making use of a test detector developed by a cooperation of HZG and the DENEX GmbH. This test detector with an active area 200 mm Â 200 mm was used for measuring the quantum efficiency as a function of the neutron incident angle on the converter coatings. The test detector design is specialized for a fast exchange of converter plates to investigate the properties of converter coatings deposited at a variety of growth conditions. The geometry of the test detector windows allows for perpendicular and for inclined incidence of the neutron beam onto the converter surface. The read out electronics of the test detector is based on delay line technique and is typically used for a Time of Flight (ToF)-measurement mode. The ToF-neutron Reflectometer REFSANS is operating at the end of a neutron guide connected to a cold neutron source. The neutron energy can be selected from a range of 2 to 30 Å with an energy resolution ranging from 0.2% to 10%¼ Dk k . The beam height of the collimated beam can be chosen between 0 and 12 mm. A heavy load goniometer (up to 200 kg) allows for the manipulation of the heavy and complexly shaped test detector. 54, 55 The neutron quantum efficiency measurements were carried out for nat. B 4 C and 10 B 4 C converter coatings with thicknesses of about 1 lm, deposited on Al plates. 56 The energy dependent neutron flux of the primary beam was monitored with a 3 He gas detector. These monitor measurements were used for calibration of the primary beam and normalization of the data from the test detector. The monitor has a diameter of 1 in. and a 3 He pressure of 10 bars. It absorbs 99.99% of the incident cold neutrons. Therefore, such a monitor is often called "black."
III. RESULTS AND DISCUSSION

A. Layer thickness of boron carbide coatings
The quantum efficiency of a 10 B 4 C converter layer depends strongly on the converter layer thickness if this thickness is comparable to the ion escape ranges (less than 2 lm for 7 Li ions). Therefore, a high thickness uniformity of the converter coating is needed to ensure uniform quantum efficiency over the entire converter layer area. Natural boron carbide samples with coating step edges for assessing the achievable thickness uniformity were produced on Si substrates in several deposition runs. The substrates were fixed at different positions on the sample holder (see Fig. 1 ) and the coating step edges were oriented either along the x-or the y-direction. The coating step height, i.e., the coating thickness, was measured by ex situ profilometry. The samples had thicknesses of 0.52 lm, 1 lm, 1.59 lm, 1.22 lm, and 2.02 lm. A point by point plotting of the coating thicknesses in x and y direction (see Fig. 1 ) is presented in Fig. 2 .
Notably, for all thicknesses, the width of the error bars is 3% 6 1% of the respective film thickness. Independent of the absolute thickness of the coatings, their thickness is remarkably uniform. The thickness deviation of coatings reported here is about a factor of five smaller than reported in Ref. 18 . This result was verified by a spectral reflectance measurement. Beyond the verification of the profilometry measurements, the apparatus for spectral reflectance allows for a rapid, contact-free determination of the film thickness over a large area of coating. Moreover, this method does not require a coating step edge. The thickness of a nat. B 4 C coating on a 100 mm Â 100 mm Al plate was measured on a quadratic grid of 81 points with a spot size of 0.6 mm Â 0.6 mm. The thickness distribution of the entire converter plate is presented in Fig. 3 as a colour contour map. Statistical analysis of the spectral reflectance measurement yields a thickness uniformity of the 1.22 lm B 4 C coating with a standard deviation of the thickness of 62%. This result is in agreement with the 4% in peak to valley difference obtained from step height measurements with the stylus profiler. The scattering of data and the error bars are on the same level for both profilometry and spectral reflectance, demonstrating the comparability of the two methods. However, while the profilometry measurements took 3.5 h for the amount of data for Fig. 3 , the spectral reflectance measurement was accomplished within 60 s.
A systematic increase of the power in the sputtering process from 800 W to 2100 W allows observing possible changes in the converter layer properties like mass density, layer thickness, surface roughness, adhesion to the substrate if sputtered at higher deposition rates. For each step in power, a 10 mm Â 10 mm Al 2 O 3 substrate was coated with a The thicknesses of the coated films were measured by XRR specular X-ray reflectivity curves (see Fig. 4 ). In this series of reflectivity curves, the critical angle is at a constant position of h ¼ 0.14 . This fact allows the conclusion that under the chosen sputtering conditions there is no variation in the density of the sputtered 10 B 4 C coating as a function of the generator power. 57 The choice of sputtering parameters therefore does not modify the density of 10 B 4 C layers coatings and it is expected that their efficiency in neutron conversion should be constant.
In addition, the frequency of the Kiessig fringes rises with increased applied power, indicating thicker 10 B 4 C films at constant velocity v sputter . By fitting the reflectivity curves with the simulation program REFSIM, the thickness, density, and roughness of each 10 B 4 C film were determined. Since the holder velocity was constant at v sputter ¼ 0.475 mm/s for all deposition runs, increasing the applied power (i.e., to increase the sputter yield) increases the resulting film thickness. A linear dependence of the film thicknesses d B4C on the generator power P was found and fitted by means of linear regression see A linear relation between film thickness and power is expected since the sputter yield is often related linearly to the applied DC power in the sputtering process. 50 The validity of the linear relation here is demonstrated in Fig. 5 . The roughness parameter is almost constant with the applied power. Only a slight increase of the roughness from 0.2 nm RMS to 0.25 nm RMS for the samples deposited at 1200 W to the samples deposited at 2100 W was observed. This change in roughness can also be attributed to a variation of roughness from one Al 2 O 3 -substrate to the next in the range given by the specifications of the supplier. Therefore, increasing the generator power within the reported range does not have a negative effect on the coating quality and thus opens the possibility to increase the sputter velocity, i.e., the coating through put.
The length of the 100 mm wide converter plates was increased from 100 mm up to 300 mm and finally to 1430 mm. Neutron converter plates with dimensions 0.3 mm Â 100 mm Â 1430 mm were coated routinely with 1.2 lm of 10 B 4 C as demonstrated in Fig. 6 .
The use of long Al-substrates is motivated by two facts: First, large detector elements without stitching technology can be fabricated for large detectors. Second, the coating of long converter elements is more efficient compared to single short converter elements, since every single short element has to be fixed with two 10 mm wide clamps. These clamps cost space on the sample holder and reduce the effective deposition length. Finally, the long coated Al-converters can be cut to the desired length after the deposition, without delamination on the cutting edges (Figs. 7(c) and 7(d) (Multimedia view)). Moreover, choosing a thin substrate for the longest coatings provides a high mechanical flexibility of the conversion elements.
The high adhesion between the coating and the substrate (adhesive tape test as video is available online) makes it possible to bend the converter element without fracture or delamination of the 1.2 lm 10 B 4 C coating as demonstrated in Fig. 7 (Multimedia view) . This excellent mechanical property of the coated converters can be exploited for the development of neutron detectors with non-planar active area.
B. Depth profile investigations of boron carbide coatings
The atomic-scale structure of the B 4 C layers was studied by means of XRD. Fig. 8 shows XRD measurements for B 4 C films of 3 lm and 1 lm thickness sputter deposited on Alsubstrates (Fig. 8 ). For comparison, the XRD-pattern of an uncoated Al-plate (100 mm Â 100 mm) was recorded (black line in Fig. 8 ). Coatings sputter deposited onto Al and Si substrate at room temperature show no indication of crystalline boron carbide phases: for both layer thicknesses, the XRD patterns show only the texture reflections of the Al substrate (111), (200), (220), and (311) and an amorphous B 4 C peak with a FWHM of about 10 . Therefore, crystalline long range order in this B 4 C films can be excluded. Due to the larger scattering volume, the absolute intensity of the amorphous signal is stronger for the B 4 C coating of 3 lm thickness. Using the Scherrer formula, the size of coherently scattering units perpendicular to the film surface can be estimated to be about 8-9 nm. During the sputter deposition process, the strong covalent bonds of the deposited B 4 C film reduce the mobility of adatoms 59, 60 arriving at the film surface. As the coatings are deposited at room temperature, there is also no thermal mobilization of the adatoms. The inherent high quenching rate for the sputtering process, especially for substrates at room temperature, additionally reduces even further the mobility of adatoms. As a result, the formation of crystalline phase B 4 C is prevented and an amorphous-phase is formed as expected.
A uniform conversion efficiency of neutrons into charged reaction products requires a structurally and compositionally uniform boron carbide coating in all three spatial directions of the converter. Therefore, also the levels and distributions of impurities (such as H and O, N) must be characterized. Particularly, the amount of heavy elements, which have an high stopping power and reduce the ion escape range for a and 7 Li, has to be monitored and has to be kept as low as possible. Furthermore, hydrogen has a high incoherent scattering cross section for cold and thermal neutrons. This scattering process causes a diffuse neutron background in the detector. Furthermore, in the sputter deposition process, the sputter yield is element specific. For targets consisting of two or more elements, the stoichiometry of the deposited film can thus differ from that of the target in the steady state of target-material erosion. 50 Therefore, it is important to compare the elemental composition of the deposited film with that of the target. Moreover, the mass density of the deposited material, i.e., the number density of 10 B atoms, can be varied in a certain range by changing the process conditions. 59, 60 Consequently, a variation of mass density means a variation of conversion efficiency, which should be avoided.
XPS and SIMS were employed in combination with step-wise Ar ion etching to sample the chemical and isotopic depth profile of boron carbide coatings on Si substrates with natural oxide layer and Ti buffer layer and on Al substrates. All depth profiles are presented as functions of the etching time, which relates to the etched depth. Note that the etching yield is element specific. The etching time is therefore not a direct measure of the etched depth in the entire sample, i.e., interface widths for different substrate materials cannot be compared directly. SIMS can distinguish between the chemically identical but in mass (and neutron capture properties) different isotopes 10 B and 11 B and resolve their respective number density in the depth of the coating. The destructivity of both measurements methods results from the subsequent application of the etching step prior to the analysis process. Fig. 10 shows an XPS depth profile (left) based on elementseparated peak analysis and a SIMS spectrum (right).
The XPS data were obtained from a B 4 C layer of 440 nm thickness (etching time 800 to 6800 s). In this coating, the relative frequentness of boron is 78.6% and for carbon is 21.3%. The surface region (etching time 0 to 800 s) shows a slightly different composition of B and C and is addressed to the surface roughness of the film (similar also in Fig. 11 ). For the calculation of the relative frequentness for carbon and boron in the two component compound boron carbide, we use the following formula: 61 rF i ¼ eye in the depth range of the B 4 C coating. The stoichiometric ratio between the amount of boron and carbon atoms is B/C ¼ 3.7. The content of O and N is below 4 at. %. The SIMS data were recorded from a very similar sample of 490 nm thickness, using an approximately two times higher etching rate. In the SIMS spectrum, the relative signal height directly corresponds to the relative frequentness of an element or isotope. The SIMS spectrum in Fig. 10 9%)) . 13, 62 The coating on Al substrate contains boron and carbon in a ratio of B/C ¼ 3.6. The same levels of O and N content as in the coating on Si (Fig. 11) were detected. The B/C ratio is constant, i.e., the distribution of B and C is uniform throughout the coating depth.
By SIMS (see Fig. 12 left) , the relative contents of Further by verifying the isotopic content of coatings by two independent methods (SIMS and NRA), the control of this parameter becomes in our case much more reliable. The access to SIMS (laboratory set-up) is easier than to an accelerator driven method like NRA. However, NRA allows determining the absolute number density of 10 B atoms in the coatings, thus providing a reference for the relative values obtained by SIMS.
As demonstrated above, NRA was used to determine the degree of enrichment of the 10 B isotope in the converter coating. Additionally, adapted NRA methods allow the measurement of the level and spatial distribution for hydrogen impurities as well as impurities of high Z elements. High Z impurities can be incorporated into the films when the sputtering process takes place at elevated power densities by sputtering off material from the walls of the deposition chamber or from constructional parts of the magnetron sources. Hydrogen is inherently present in the residual gas of the vacuum system and can also be incorporated during the deposition into the film. The disposition of these elements is of high relevance for the performance of converter coatings in the detector: Hydrogen causes an incoherent neutron scattering contribution and in this way the background level in the detector becomes enhanced. High-Z atoms stop the charged conversion reaction products on their escape way out of the converter layer much more effectively than lighter elements. Therefore, further chemical depth profiling was performed by NRA analyses of two nat.
B 4 C coatings of 1.17 lm thickness, deposited on Ti/Si substrates at generator powers of 800 W and 1900 W, respectively. These were carried out in a standard routine with a 2 MeV 2þ He-ion beam provided by the tandem accelerator (RUBion) of the Ruhr-Universit€ at Bochum, Germany. The ion incident angles were 0 and 55 with respect to the sample surface normal. Fig. 13 shows the RBS spectrum of the nat. B 4 C coating sputtered at 800 W, measured under normal incidence of the He 2þ -ion beam, with a fit (red curve) to the experimental data. Characteristic features of the spectrum are identified with the presence of the indicated elements and isotopes: The spectroscopic edge for the B 4 C surface starts at an energy of 250 keV. A strong peak from the thin Ti layer appears around an energy of 500 keV. The surface edges of the 11 B and 12 C isotopes are expected to be at energies of 470 keV and 535 keV, respectively, and are thus covered by the Ti peak. Since the RBS scattering crosssection is proportional to Z 2 , this method is highly sensitive to atoms with high atomic mass number. Further, the atomic mass number of Ti is high compared to those of Si, B, or C. Therefore, the small amount of Ti in the sample produces a comparatively high peak of backscattered aparticles. A Ti layer thickness of 46 6 3 nm can be inferred from the width and height of the Ti peak, which is in good agreement with the Ti thickness expected for the given sputtering rate. The thickness of the B 4 C layer can be deduced to amount to 1.17 lm from the position of the Ti peak (shifted towards lower energies by energy loss of the He 2þ ions in the B 4 C layer), assuming the B 4 C layer to have almost bulk density. The small step at 380 keV is caused by the 10 B content of the natural boron. Up to an energy of 1350 keV, a-particles are backscattered from the uniformly distributed Ar-atoms in the coating depth. An amount of 1% to 1.5 at. % of Ar was extracted from the fitting of the RBS-data. This is a typical concentration of Ar in coatings produced by sputter deposition using Ar as process gas.
The red curve in the spectrum represents a simulation with the RBX-software using the layer parameters as described above. Using a scattering geometry with 55 incidence angle of the He 2þ ions, the RBS-edges of 12 C, 11 B, and 10 B can be resolved better for a quantitative determination of their relative amounts. In non-normal incidence, the travel path of the He 2þ -ions within the B 4 C layer, and thus the scattering probability of the He 2þ -ion on 10 B, 11 B, and 12 C, is increased (same principle as for increasing the neutron efficiency of a converter layer). Consequently, the Ti layer as well as the Si substrate is shifted out of the detection range of the incident He-ions and only the signals from C and B remain visible.
The resulting RBS spectrum is presented in Fig. 14 . Indeed, the Si edge and the Ti peak disappeared from the spectrum and the C edges (inset) at energies of 410, 470, and 535 keV. As seen in the spectrum for normal He 2þ incidence (Fig. 13) , an Ar edge is present at an energy of 1353 keV. The concentration of Ar-atoms was determined to a level of 1.5 at. % through the entire depth of the boron carbide converter coating. A multiple peak structure can be recognized in the energy range between 660 and 1070 keV, indicating thin layers of adsorbates-nitrides or oxides-of about a few monolayers thickness. For an inclined incidence of the He 2þ ion beam on the sample, the RBS method is more sensitive to the constituents of the coating as well as to the impurities. These adsorbates are typically found on top of thin films handled at ambient conditions, and have no effect on the neutron conversion performance of the converter coating.
RBS spectra can also provide information to quantify the degree of enrichment of the B 4 C coating. The multiple peak structure between energy 660 and 1070 keV and the Aredge are more pronounced in the spectrum of the 10 B 4 C coating. Additionally, small peaks at energies of 1450 and 1570 keV appear. These small peaks result from a very small concentration of V and/or Cr and Cu of about 0.1 at. %. These small contents are seen so clearly due to the high sensitivity of the RBS-method to high Z elements. 22, 63 These impurities are often found in samples prepared at elevated sputtering power.
The higher sputtering power releases slightly more heavy atoms from constructive components of the UHV system to be incorporated in the converter coating. 64 Finally, the investigations of the chemical composition of the coatings were completed with a depth profiling of the H content. The H concentration was determined by means NRA of the H( The relative quantum efficiency of 10 B 4 C coatings was evaluated by measurements at the ToF-reflectometer REFSANS. 54, 55 For the test detector, an Al window of 6 mm thickness was chosen. At this thickness, the window can withstand many cycles of pressure changes during the opening and closing the detector housing for exchanging the converter samples. In the final detector design, the thickness of the Al window would be reduced to 1 to 2 mm to minimize neutron absorption by Al. For the measurements presented here, the detector was equipped with four amorphous 10 B 4 C converter coatings of 1 lm thickness. The converter plates were positioned in the same horizontal plane. The test detector was mounted at the sample position on the REFSANS goniometer so that the collimated incident beam hits the converter plates in the test detector at a grazing incidence angle. A detailed discussion of the inclined geometry detector concept and its performance will be the issue of a following publication on detector engineering and design. Width and height of the incident beam as well as the detector position in the beam were chosen so as to ensure that the beam footprint on a converter plate was always significantly smaller than the converter plate itself, and that the footprint was always placed far away from the edges of the converter element. The measurement geometry corresponds to the geometry depicted in the concept sketch in Fig. 17 (H ¼ H in ) . The incident angle of the primary beam with respect to the converter layer surface was varied in the range of H in ¼ 1 À 4 . To cover the cold neutron energy range, two ToFspectra of incident neutrons were chosen by specific chopper settings, which selected neutron wavelength ranges k s1 ¼ 2-10 Å and k s2 ¼ 8-30 Å . These spectra were read out by integration of event pulses over every individual wire of the cathode system, separately for both x-and y-directions of the active area of the 2D detector. The spectra measured by the test detector were normalized to a spectrum measured by a monitor, a single wire tube detector operating in ToFmode, at the same position. At this measurement position, the horizontal width of the primary beam was about 20 mm (given by the divergence of the instrument), and its height was about 0.6 mm (about 0.3 mm directly after the collimation system at a distance of 500 mm from the measurement position).
The monitor tube was oriented horizontally with the tube axis perpendicular to the primary beam direction. Additionally, the monitor tube had an inner diameter of 25.4 mm, an active tube length of 200 mm, and was filled with 10 bars of 3 He. This monitor reliably determined the primary incident neutron flux, capturing almost 99.9% of the incoming cold neutrons because of its high 3 He atom density. The relative spectral quantum efficiency of the test detector (i.e., the number of neutron events measured by the test detector divided by the number of neutron events measured by the 3 He monitor) is plotted for three incidence angles in Fig. 18 . The peak to peak scattering of the data points in the efficiency curves in Fig. 18 is about 7% at maximum. The relative large scattering in all experimental curves as well as the increased data scattering with k is related to a small wave length binning of 0.007 Å in the available data evaluation. A small available numbers of neutrons in the respective wavelength slots from the cold source increase further the scattering of these data point. Therefore, the following discussion refers to the lower limit of the achieved efficiency.
For an incidence angle of H in ¼ 1 , the relative quantum efficiency of the test detector ranges from approximately 65% to 92% for neutrons of k ! 5 Å . The local minima in efficiency at about 4.05 Å and 4.8 Å are attributed to Bragg scattering at the Al entrance window. 66 This entrance window is not present in the measurements with the 3 He-monitor used for normalization since the monitor tube is made of stainless steel only. Additionally, an overall attenuation of FIG. 17 . Trajectories of a neutron and reaction products in a conversion reaction with a boron nucleus in a multi-wire chamber detector. The thickness of the converter layer is d B4C . There are two possible configurations for the reaction products 7 Li and a to leave the point of conversion on back-toback trajectories, as indicated by labels (a) and (b). d B4Copt denotes the optimum converter layer thickness as given by the maximum ion range d max range of 7Li, which still allow a ionization of the detection gas above the converter in the conversion reaction.
FIG. 18. Spectral quantum efficiency for an amorphous
10 B 4 C coating of 1 lm thickness, measured in ToF mode at neutron incidence angles H in of 1 , 2 , and 4 , respectively, and normalized to the spectral quantum efficiency of a 1 in. 3 He tube monitor. A quantum efficiency value of 1.0 means 100% of the quantum efficiency of a 1 in. counter tube filled with 10 bars of 3 He. The wave length binning is 0.007 Å . the neutron flux is expected due to energy-dependent absorption in the Al window. An attenuation of the neutron flux of about 2.5% at k ¼ 1.8 Å was estimated from the absorption cross-section and the thickness of the Al window as shown in Fig. 19 .
The curve progression of the measured relative quantum efficiency as function of the incident angle H in in Fig. 18 can be compared to the calculated progression of the neutron absorption for conditions as given in the experiment. The maximum length of the absorption path is given by Fig. 19 presents the calculated absorption as a function of the neutron wavelength for incidence angles of 1 , 2 , and 4 . The calculation assumed a mass density of 10 B 4 C of q¼2.51 g/cm 3 and the attenuation length as a function of neutron energy was determined using data from Ref. 67 . Further, in Fig. 19 (green curve) the transmission of the 6 mm thick detector window has been calculated as function of the neutron wavelength. The absorption curves for 1 , 2
, and 4 have been multiplied by the transmission curve of the 6 mm Al window. Exemplary for the incidence angles 1 , 2
, and 4 , the absorption factors are listed here for neutrons with a wavelength of 1. The comparison of the calculated absorption and measured efficiency curves yields up to 30% reduced efficiency compared to the absorption factors for short wavelengths neutrons (2-4 Å ) (also indicated by the exemplarily calculated absorption factors above). This discrepancy will be elucidated by a detailed discussion of the detection concept in a forthcoming publication following calculations presented in Refs. 68 and 69. For neutrons of the wavelength spectrum from 5 to 12 Å , the absorption (Fig. 19 ) and efficiency curves (Fig. 18) converge to the transmission curve of the Al detector window, which has a negative slope as a function of wavelength. This influence of the Al window as used in the test detector in terms of limited transmission and a resulting reduction of the efficiency can be recognized most distinctly in the slight negative slope of the efficiency curve for the incident angle of 1 shown in Fig. 18 . The curves for 2 and 4 in the same figure do not reach the saturated state of efficiency. Comparing Figs. 18 and 19, the same relative increase of quantum efficiency and of absorption with decreasing angle of incidence (i.e., increasing neutron path length) is observed. Since absorption and quantum efficiency are directly related to each other, further effects like channeling, etc., can therefore be excluded for the experimental data in Fig. 18 .
IV. CONCLUSION
Natural and 10 B enriched large-area boron carbide coatings were prepared by means of magnetron sputtering. Using the complementary probes, x-rays, neutrons, and ions these, boron carbide coatings have been comprehensively investigated and their excellent quality was demonstrated. The film properties were characterized with respect to layer thickness, film adhesion, phase formation, thin film growth, chemical composition, impurity, and isotopic content. A coating thickness of up to 2 lm was achieved for amorphous and highly adhesive B 4 C and 10 B 4 C coatings. Over the entire deposited length and width of these coatings, their thickness deviates by about 4% compared to the total thickness. The coatings deposited on Si substrates and on Al plates show uniform elemental and isotopic composition and homogeneous distribution of the constituents throughout their entire depth. The detected levels of impurities of O (below at. 5%), N (below at. 2%), and H (below at. 0.3%) are very low. About 2.5 m 2 of these highly uniform 10 B 4 C and natural B 4 C coatings with a thickness of 1.2 lm were deposited with excellent mechanical properties for detector prototypes. Routinely, a coating of about 1.43 m long Al plates is possible in one step, which is an advantage for future detector development. Experimental determinations of neutron detection efficiency were conducted for the range of thermal and cold neutrons at an incident angle of 1 to 4 of the neutron beam with respect to the converter coating surface. Relative quantum efficiencies from 65% to 90%, normalized to a 1 in. monitor wire tube filled with 10 bars of 3 He were measured. Thus, the advanced 10 B 4 C coatings are promising candidates for replacing 3 He in large scale neutron detectors. Transferring the presented preparation process to a large-scale industrial system would deliver highly uniform 10 B 4 C neutron converter coatings for alternative, 3 He-free large-area neutron detection systems.
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